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I .  
In-Pile Measurement of UO, Thermal Conductivity 
L 
by 
M. G .  Balfour, J. A. Christensen," and H. M. Ferrari 
Abstract 
I' 
In-pile effects of stoichiometry and grain growth on U02 thermal con- 
ductivity were studied in instrumented fuel  capsules. Results show 
that columnar grain growth has no significant effect on heat transfer 
in U02 fuels, 
shown to have an important effect on fission product redistribution. 
Irradiation of a UO 
nearly 20 percent higher than in a UO 
Migration of lenticular voids during irradiation was 
capsule showed a mean thermal conductivity 1.941 
capsule under similar con- 2.005 
ditions. 
*Now employed at Battelle-Northwest Laboratories, Richland, Wash. 
. 
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I, INTRODUCTION 
A. Background 
Uranium dioxide thermal conductivity is a critical parameter in the 
design of high-performance reactor fuel elements utilizing this mat- 
erial in bulk form. Dimensional stability, fission gas release, 
and special requirements for fuel containment are highly temperature- 
dependent and determined principally by operating power level and 
fuel thermal conductivity. Due to these factors it is highly impor- 
tant to obtain direct, precise measurements of thermal conductivity 
and a thorough understanding of the basic mechanisms responsible for 
in-pile behavior of UO fuels. 2 
There has been an intensive investigation of UO thermal conducti- 
vity in both in-pile and out-of-pile tests in recent years. However, 
the nature of the material has made it extremely difficult to ob- 
taip accurate and comprehensive information. UO is highly refrac- 
tory (melting point 280OOC) and is used as a fuel at temperatures 
up to or exceeding melting. 
results in steep thermal gradients in conventional rod-type elements. 
In addition, the compositional and structural changes associated 
with fission heating further complicate heat transfer within operat- 
ing fuel elements. These changes unfortunately are not reproducible 
under laboratory conditions, therefore making out-of-pile experiments 
of limited value for design purposes. 
2 
2 
The relatively l o w  thermal conductivity 
In-pile thermocouple measurements of UO, thermal conductivity have 
c 
generally been limited(1-9)to relatively low-temperature measurements. 
This reflects the inability of thermocouples to withstand the high 
temperature (~>1600'c) U02 environment for significant periods of 
-1- 
I .  
t ime,  High-temperature thermal  conduct iv i ty  has  had t o  be i n f e r r e d  
from t h e  examination of i r r a d i a t e d  f u e l  c ross -sec t ions  involv ing  
assumptions as t o  t h e  temperatures  r equ i r ed  t o  cause m i c r o s t r u c t u r a l  
changes dur ing  i r r a d i a t i o n .  A l a c k  of p r e c i s i o n  has  been t h e  r u l e .  
Laboratory d a t a  on t h e  high-temperature thermal  conduc t iv i ty  of U02 
s i n g l e  c r y s t a l s  (lo) have l e d  t o  t h e  p o s t u l a t e  t h a t  m i c r o s t r u c t u r a l  
changes occurring during i r r a d i a t i o n  g r o s s l y  a l t e r  t h e  thermal  con- 
d i t i o n s  e x i s t i n g  wi th in  bulk U02 f u e l  elements.  ( l3 ) Ext rapo la t  i on 
of t h e  s i n g l e - c r y s t a l  d a t a  sugges ts  t h a t  t h e  thermal  conduct iv i ty  
of UO 
t han  t h a t  of p o l y c r y s t a l l i n e  material. If t h i s  i s  s o ,  t h e  i n - p i l e  
formation of an e s s e n t i a l l y  s i n g l e - c r y s t a l  columnar g r a i n  s t ruc -  
t u r e  i n  UO f u e l s  should r e s u l t  i n  a marked decrease  i n  f u e l  temp- 
eratures. This  i nc rease  i n  thermal  conduct iv i ty  i n  reg ions  of g r a i n  
growth w a s  o r i g i n a l l y  p o s t u l a t e d  t o  r e s u l t  from enhanced r a d i a n t  
h e a t  t r a n s f e r .  (11) 
t r a n s f e r  mechanisms i n  UO r e f u t e  t h i s  explana t ion .  2 
s i n g l e  c r y s t a l s  above 1800°C i s  f i v e  t o  t e n  times g r e a t e r  2 
2 
of hea t  (12) However, r ecen t  t h e o r e t i c a l  ana lyses  
The formation of long,  po ros i ty - f r ee  columnar g r a i n s  i n  UO f u e l  rods 
i s  be l i eved  t o  be  caused by migra t ion  of vo ids  toward t h e  f u e l  cen- 
The UO vapor izes  on t e r  by a vapor-condensation mechanism. 
t h e  hot  edge of such a void ,  d i f f u s e s  through t h e  gaseous medium 
w i t h i n  t h e  void ,  and condenses on t h e  co ld  s i d e ,  causing a ne t  mass 
movement. Although t h i s  theory  has been employed t o  analyze t h e  
thermal  behavior  of f u e l  elements,  (I3) t h e  e f f e c t  of vo id  s i z e  on 
migra t ion  ra tes  i s  not  known, nor i s  t h e i r  genes i s  f u l l y  understood. 
2 
(13 , 14) 
2 
Other s t u d i e s  i n d i c a t e  t h a t  s l i g h t  v a r i a t i o n s  i n  s to ich iometry  may 
g r o s s l y  a f f e c t  hea t  t r a n s f e r .  Out-of-pile measurements 
have shown t h a t  t h e  thermal  conduc t iv i ty  of U02 i s  enhanced o r  de- 
presed  by lowering or r a i s i n g ,  r e s p e c t i v e l y ,  t h e  O/U r a t i o  of t h e  
( 1 5 ~ 6 , ~ ’  1 
-2- 
specimen. A significant increase in thermal conductivity above 
1400 C in a U01.99 specimen(15) was attributed to a high-temperature 
electronic contribution to heat transfer. By properly adjusting 
the initial stoichiometry in UO fuel, it may be possible to signi- 2 
ficantly improve fuel element performance. Theoretically, the heat 
rating for center melting in hypostoichiometric fuels approaches 
150% of that in conventional, stoichiometric or slightly hyper- 
stoichiometric uranium dioxide 
0 
(18) 
Recent in-pile experiments (19) show an improvement in thermal con- 
ductivity for U02 at temperatures around 1200 C. However, this 
probably is due to radiant transfer, since an electronic contribu- 
tion to UO thermal conductivity should not be significant below 
14OO0C. 
0 
- 
2 
B. Experimental Objectives 
The experiment was designed to measure and analyze the temperature 
distributions in UO fuel elements during operation. The experi- 
ment was primarily concerned with thermal effects, rather than 
irradiation effects. 
2 
Specifically, the experimental objectives were: 
1) To obtain direct measurements of U02 thermal conductivity in- 
pile to high temperatures ( >20OO0C). 
To determine the effect of columnar grain growth on thermal con- 
ductivity. 
2 )  
3) To determine the effect of void size and distribution on the 
formation of columnar grains. 
To test the hypothesis that electronic heat transfer in hypos- 
toichiometric UO can significantly improve fuel element per- 
formance. 
4) 
2 
1 
-3- 
11. Experimental  Apparatus 
A.  General  Descr ip t ion  
Three instrumented t e s t  capsules  were i r r a d i a t e d  f o r  one t o  two days 
i n  t h e  bery l l ium r e f l e c t o r  of NASA's Plum Brook Reactor  (F igu re  1). 
Capsule I was i r r a d i a t e d  i n  t h e  R A 6  t e s t  ho le ,  and Capsule I1 and 
I11 i n  R A ~  and RA3, r e s p e c t i v e l y .  Each capsule  w a s  of t h e  same 
phys ica l  des ign  (F igu re  2 )  and contained seven W-5% Re/W-26% R e  
thermocouples uniformly d i s t r i b u t e d  i n  t h e  UO f u e l ,  p l u s  t h r e e  2 
Chromel-Alumel thermocouples i n  t h e  annular  N a K  ca lo r ime te r .  In- 
clird.ed i n  t h e  t e s t  were: 
I) A s i n g l e  capsu1.e designed t o  opera te  a t  18 kw/ft  f o r  24 hours ,  
The purpose w a s  t o  determine t h e  thermal  conduc t iv i ty  of t h e  
UO f u e l  by measuring cont inuously t h e  temperature  v a r i a t i o n .  
The e f f e c t  of columnar g r a i n  formation on thermal  conduct iv i ty  
w a s  t o  be determined. I n  add i t ion ,  a f u e l  p e l l e t  w a s  d r i l l e d  
wi th  holes  of va r ious  s izes  and l o c a t i o n s  t o  i n v e s t i g a t e  void  
migra t ion  k i n e t i c s  (F igu re  5 A ) .  
2 
1.941' and t h e  o t h e r  wi th  UO 2.005 
each designed t o  ope ra t e  a t  22 kw/ft  f o r  50 hours.  This  t e s t  
w a s  in tended t o  show whether o r  not  hypostoichiometry i n  uranium 
dioxide  c o n t r i b u t e s  t o  a s u b s t a n t i a l l y  improved thermal  con- 
d u c t i v i t y ,  as suggested by out-of-pi le  experiments .  
2 )  Two capsules ,  one fue l ed  wi th  UO 
B .  Experimental  Assembly 
The experimental  assembly comprised: (1) t h e  capsule  proper  con- 
s i s t i n g  of a n  o u t e r  support  o r  basket  and an i n n e r  capsule  assembly 
conta in ing  t h e  thermocoupled UO f u e l ;  ( 2 )  a l e a d  t u b e  s e c t i o n  ex- 
tending  from t h e  capsule  through a r e a c t o r  ins t rumenta t ion  p o r t  t o  
a l o c a t i o n  e x t e r i o r  t o  t h e  r e a c t o r  p re s su re  v e s s e l ;  ( 3 )  thermocouple 
t e rmina l  assembly (F igu re  1) and (4) appropr i a t e  ins t rumenta t ion  t o  
permit  continuous record ing  of t h e  f u e l  temperatures  during i r r a d i a t i o n .  
2 
- h- 
The capsules  were i r r a d i a t e d  i n  t h e  beryl l ium r e f l e c t o r .  The cap- 
s u l e  and capsule  ho lde r  assembly were designed t o  r ep lace  t h e  e x i s t -  
i ng  bery l l ium RA ho le  plug.  Heat generated i n  t h e  f u e l  p ins  w a s  
removed by t h e  primary coolan t  water  (Q135 F . )  f lowing upward around 
t h e  capsule  a t  an es t imated  27.2 gpm wi th  a 5.0 p s i  p re s su re  drop. 
The p r i n c i p a l  components i n  t h e  i n n e r  capsule  assembly included t h e  
fuel p e l l e t s ,  t h e  inne r  and ou te r  f u e l  cans,  and t h e  thermocouples. 
0 
Cold-worked (10%) type  348 s t a i n l e s s  s t ee l  tub ing  w a s  used f o r  both 
t h e  primary and secondary f u e l  c ladding;  t h e  w a l l  t h i cknesses  were 
0.025 inches and 0.050 inches r e spec t ive ly .  The end plugs were 
machined from ASTM ~ 2 7 6  type  304 s t a i n l e s s  s tee l .  
s epa ra t ed  by a 0.060 inch  annulus f i l l e d  wi th  N a K  (44% Na-56% K) 
which served  as a hea t  t r a n s f e r  media and ca lo r ime te r .  
The two cans were 
The co ld  fuel- to-clad d i ame t ra l  gap w a s  nominally 0.025 inches .  
H e l i u m  a t  one atmosphere p re s su re  w a s  in t roduced  i n t o  t h e  i n n e r  fue l  
can dur ing  t h e  f i n a l  s e a l  welding. Normal ope ra t ing  p res su re  for 
t h i s  gas w a s  1.8 atmospheres. 
S i x  tantalum-sheathed, W-5% Re/W-26% R e  thermocouples were posi-  
t i o n e d  i n  t h e  f u e l  a t  two r a d i a l  p o s i t i o n s  on t h r e e  r a d i i  spaced 
120 a p a r t ,  as shown i n  Figure 3. A similar W26%Re-sheathed 
thermocouple w a s  l o c a t e d  a t  t h e  f u e l  c e n t e r  l i n e .  The thermocouple 
w e l l s  w e r e  u l t r a s o n i c a l l y  d r i l l e d  i n  t h e  f u e l  p e l l e t s  t o  a diameter  
of 0.068 inches .  
0 
The thermocouple probe shea ths  were 0.062 inches i n  diameter  wi th  
a w a l l  t h i ckness  of 0.012 inches .  The thermocouple probe s e c t i o n s  
were i n s u l a t e d  with v i t r i f i e d  Be0 and had grounded hot  j unc t ions  t o  
provide  r i g i d  mechanical support  for t h e  b r i t t l e  t ungs t en  thermo- 
element near  t h e  weld reg ion .  
- 5- 
. 
The thermocouple extension sheaths were of type 340 stainless steel 
and the transition from the refractory metal probe sheaths was 
accomplished by an interference fit and an "A" nickel braze. 
addition, three 0.042 inch diameter stainless steel .  sheathed 
Chromel-Alumel thermocouples were positioned in the sodium annulus 
in the same relative positions as the fuel thermocouples. 
In 
All joints in this assembly were tungsten-inert-gas welded with the 
exception of the extension sheath to probe transition discussed 
above. The complete thermocouple-end plug assembly, consisting of 
seven refractory metal thermocouples, three Chromel-Alumel thermo- 
couples, and inner and outer end plugs, was supplied as a fabricated 
assembly by the vendor. The assembly was completely unitized in 
construction (Figure 4). 
A multichannel strip chart recorder was used to continuously moni- 
tor the output from the fuel thermocouples. This instrument func- 
tioned solely as a recorder and was not interconnected with any 
reactor instrumentation. A second multichannel recorder was used 
to monitor the three Chromel-Alumel thermocouples immersed in the 
NaK annulus. Additional instruments required for the experiment 
included a precision potentiometer for calibration checks on the 
thermocouple output recorder, and an ohm-meter to check thermocouple 
continuity after installation of the capsule in the reactor. 
C. UO Design Parameters -2 
1. Physical Parameters 
2 The fuel section in each capsule contained a column of nine UO 
pellets, each nominally 1.250 inches in diameter and 0.5 inches 
long (total fuel length of 4.5 in.). 
given in the Appendix. Capsule I contained 95% T. D. UO 
containing 0.64 w/o U-235. 
f o r  an enrichment of 0.82 w/o U-235. Capsule I11 contained 
Detailed dimensions are 
2.005 
Capsule I1 fuel was identical except 
-b- 
0.82 w/o U-235, with  an o/u r a t i o  of 1.941 i n  t h e  seven c e n t e r  
p e l l e t s ,  wi th  U02,005 end p e l l e t s .  Capsules I and I1 each con- 
t a i n e d  one p e l l e t  (#6) i n  which s p i r a l l y  d i s t r i b u t e d  a r t i f i c i a l  
vo ids  were d r i l l e d  u l t r a s o n i c a l l y  i n  t h e  p e l l e t  f a c e  t o  d ia -  
meters  of 0.010, 0.020, and 0.040 i nches ,  and t o  a depth of 
0.094 inch.  
i r r a d i a t i o n .  
F igure  5 A  shows t h i s  p e l l e t  i n  Capsule I b e f o r e  
2. Thermal and I r r a d i a t i o n  Design 
The design hea t  r a t i n g s  are  given i n  Table I ,  along wi th  irra- 
d i a t i o n  t ime and r e a c t o r  cyc les .  
TABLE 1 
IRRADIATION DESIGN PARAMETERS 
Reactor MW Kw/ft 
Capsule I, U02.005 33.3 18 
Capsule 11, U02.005 39.0 22 
39.0 22 u01.941 Capsule 111, 
I r r a d i a t i o n  Reactor 
Time (Hours) Cvcle 
24 25 
50 27 
50 27 
Variab le  r e a c t o r  power w a s  scheduled t o  provide s u f f i c i e n t  f l e x -  
i b i l i t y  t o  achieve t h e  d e s i r e d  UO opera t ing  power and temperatures .  2 
F i n a l  r e a c t o r  power l e v e l s  ( M W )  were s e l e c t e d  from t h e  observed 
temperatures  as t h e  r e a c t o r  w a s  brought up t o  power i n  s t e p s .  
I n  o rde r  t o  achieve i d e n t i c a l  h e a t  r a t i n g s  i n  t h e  l a t t e r  two 
capsules ,  t hey  were i r r a d i a t e d  s imultaneously i n  symmetrical  
f l u x  p o s i t i o n s  ( R A 6  and RA3). 
To o f f s e t  t h e  extreme neutron g r a d i e n t s  i n  t h i s  reg ion ,  a boronated 
s t a i n l e s s  s t e e l  l i n e r  of v a r i a b l e  th i ckness ,  designed t o  f l a t t e n  
t h e  f l u x  wi th in  t h e  capsules ,  was added t o  t h e  flow baske t  which 
suppor ts  t he  experimental  capsules .  Boron d i s t r i b u t i o n  was de ter -  
mined from c a l c u l a t i o n s  and from mockup experiments.  
-7- 
111. EXPERIMENTAL RESULTS 
A. T i m e  - Temperature Measurements 
1. Capsule I w a s  i r r a d i a t e d  during October, 1964, f o r  a pe r iod  of 
24 hours .  
i n  F igure  6. 
power levels than  in tended  (Table  1) t o  achieve t h e  d e s i r e d  
U02 ope ra t ing  temperatures  ( >20OO0C). A l l  t e n  thermocouples 
performed s a t i s f a c t o r i l y  during t h e  f i r s t  seven hours of t h e  
t es t .  During t h i s  pe r iod ,  t h e  cen te r  temperature  w a s  increased  
t o  175OoC,  h e l d  cons tan t  a t  t h i s  temperature  f o r  90 minutes ,  
and then  quick ly  increased  t o  203OOC. 
n a r  g r a i n  growth occurred,  no evidence of an e l eva ted  temperature  
inc rease  i n  thermal  conduc t iv i ty  during i r r a d i a t i o n  w a s  observed. 
F igure  6 shows a s l i g h t  i nc rease  i n  f u e l  temperature  wi th  t ime 
which r e f l e c t s  t h e  s l i g h t  upward neutron flux d r i f t  which occurr- 
ed dur ing  t h e  t e s t ,  as v e r i f i e d  by a gradual  i nc rease  i n  t h e  
temperature  g rad ien t  between t h e  N a K  and t h e  cool ing  water. 
Time-temperature-reactor power r e l a t i o n s h i p s  are shown 
It w a s  necessary  t o  go t o  h igher  r e a c t o r  and fue l  
Although ex tens ive  colum- 
A t  peak power, two of t h e  t h r e e  " inner  r ing"  thermocouples opera- 
t i n g  a t  1 8 5 O o C  began t o  d r i f t  slowly downward u n t i l  t hey  sta- 
b i l i z e d ,  after 6 hours ,  a t  1 6 0 0 ~ ~ .  
as f a i l u r e  of t h e s e  thermocouples s i n c e  t h e i r  behavior  i s  ano- 
malous wi th  r e s p e c t  t o  t h e  o t h e r  f ive  couples i n  t h e  f u e l  and 
s i n c e  o t h e r  l a b o r a t o r i e s  have observed similar behavior  of 
t h e s e  thermocouples a t  1850 C and above. Such " f a i l u r e s "  may 
be r e l a t e d  t o  tantalum d i f f u s i o n  from t h e  shea th  t o  t h e  ground- 
ed ho t  j unc t ion  wi th  a r e s u l t i n g  change i n  the rmoe lec t r i c  char- 
a c t e r i s t i c s .  
This  must be  i n t e r p r e t e d  
0 
2. Capsules I1 and I11 were i r r a d i a t e d  a t  25 K w / f t  peak power l e v e l s  
f o r  t h i r t y  hours .  During t h i s  per iod ,  maximum f u e l  c e n t e r  t e m -  
p e r a t u r e s  of 230OoC were measured i n  both  capsules  (F igures  7 
and 8 ) .  The capsules  opera ted  at hea t  r a t i n g s  which d i f f e r e d  by 
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less  than  6% ( t h e  m a x i m u m  s e n s i t i v i t y  of t h e  Na,K c a l o r i m e t e r s ) .  
This  c l o s e  f l u x  c o n t r o l  was achieved by us ing  symmetrical  ref- 
l e c t o r  p o s i t i o n s  and by s p e c i a l  loading of t h e  r e a c t o r  core .  
Some compensation f o r  f l u x  assymmetry could  be achieved by 
a d j u s t i n g  shim rod p o s i t i o n s ;  however, t h i s  add i tona l  f l e x i -  
b i l i t y  proved unnecessary.  A s  wi th  Capsule I ,  no apparent  
change i n  UO thermal  conduct iv i ty  occurred during i r r a d i a t i o n .  
On approach t o  power, t h e  U01.941 (Capsule 111) opera ted ,  as 
expected,* a t  s l i g h t l y  lower temperatures  than  d i d  t h e  U02.005 
(Capsule 11). When r e a c t o r  power s t a b l i z e d  a t  53 MW, however, 
temperatures  were n e a r l y  i d e n t i c a l  i n  both f u e l  cores .  S h o r t l y  
t h e r e a f t e r ,  t h e  c e n t e r  thermocouple i n  Capsule I11 f a i l e d .  This  
c o n t r a s t s  wi th  t h e  performance of t h e  w-26% Re-sheathed c e n t e r  
couples i n  Capsules I and I1 which gave r e l i a b l e  outputs  f o r  
24 and 26 hours , r e spec t ive ly .  
2 
B. P o s t - i r r a d i a t i o n  Examination 
After i r r a d i a t i o n  each capsule  w a s  inspec ted ,  measured, and sec t ioned  
f o r  burnup a n a l y s i s  and metallography. 
1. Dimensional Measurements 
The l eng th  and diameter  of t h e  i n n e r  capsules  were measured and 
are inc luded  i n  Table A-1 (Appendix), along wi th  p r e - i r r a d i a t i o n  
measurements. N o  s i g n i f i c a n t  changes were observed. 
2. Burnup Analysis  
Cesium-137 a n a l y s i s  f o r  t h e  t h r e e  capsules  ( p e l l e t s  #2,8) are 
l i s t e d :  
" C f .  p a r t  I V .  D-2 
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TABLE 2 
UO BURNUP ANALYSIS: -2 
Average Burnup: Mwd 
MTU 
- 
f i s s i o n s / c c  -Capsule Cs137 (dpm/gU) 
7.93 17 I 5.94 lo7 2.18 x io 
7 6.85 x 10 
8 
8 
I1 1.24 x 10 
1 . 1 4  x 10 
a 
I11 1.15 x 10 
1 . 4 1  x 10 8 
17 4.08 x 10 
4.39 
14.84 
15.96 
The c a l c u l a t i o n s  were based upon f i s s i o n  y i e l d s  given by Katcoff.  (21) 
3. Metallography 
Metallographic samples were taken a t  t h e  thermocouple hot  junc- 
t i o n s  of capsules  I, 11, and I11 as shown i n  Figures  9, 10 ,  and 
11, r e s p e c t i v e l y .  A s  Figure 9 shows, t h e  inne r  r i n g  thermo- 
couples a r e  s i t u a t e d  a t  t h e  o u t e r  terminus of t h e  columnar g ra in  
reg ion  i n  Capsule I. 
Other c r o s s  s e c t i o n s  show a s l i g h t  i nc rease  i n  t h e  diameter  of 
t h e  columnar g r a i n  reg ion  toward t h e  bottom of Capsule I. 
e n t l y  t h e  t ape red ,  boronated shea th  used t o  suppress  t h e  a n t i c i -  
pated a x i a l  f l u x  g rad ien t  w a s  no t  completely e f f e c t i v e .  
p o s i t i o n  1 /2  inch above t h e  bottom of t h e  f u e l  s t a c k ,  columnar 
g r a i n s  as long as 1 / 4  inch occupy 65% of t h e  f u e l  diameter 
(F igure  1 2 ) .  
Figure 13. 
m e t r i c a l  geometr ica l ly ,  i n d i c a t i n g  t h a t  a s l i g h t  skew i n  t h e  
neutron f l u x  e x i s t e d .  
and I11 i s  e s s e n t i a l l y  i d e n t i c a l  and somewhat exceeds t h a t  demon- 
s t r a t e d  by Capsule I. 
Appar- 
A t  a 
An autoradiograph from t h i s  s e c t i o n  i s  shown i n  
The columnar g r a i n s  i n  Capsule I a r e  not  q u i t e  sym- 
The ex ten t  of g r a i n  growth i n  Capsules I1 
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I V .  RESULTS AND DISCUSSION 
A .  Heat Transfer i n  Columnar Grains 
The t ime-temperature p l o t  from Capsule I (F igu re  6 )  shows t h a t  t h e  
UO was s lowly brought t o  a c e n t e r  temperature  of 1750 C y  t h e  approxi- 
mate th re sho ld  f o r  columnar g r a i n  formation. Reactor power w a s  
t hen  r a p i d l y  increased  u n t i l  t h e  coo le s t  i nne r  r i n g  thermocouple 
reached 1720 C and t h e  corresponding cen te r  temperature  was 2030 C .  
These condi t ions  were maintained f o r  18 hours while  a l l  thermo- 
couples were monitored wi th  recording ins t ruments .  During t h i s  
per iod ,  an i n c r e a s e  of approximately 100 C occurred i n  a l l  f u e l  
temperatures .  This  i nc rease  was probably due t o  i r r a d i a t i o n  e f f e c t s  
on conduc t iv i ty  i n  t h e  r e l a t i v e l y  cool  ou te r  reg ions  of  t h e  f u e l  
i n  a d d i t i o n  t o  t h e  observed upward t r e n d  i n  t h e  r e a c t o r  f l u x  l e v e l .  
Two of t h e  inne r  r i n g  thermocouples f a i l e d  about one hour a f t e r  
power s t a b i l i z a t i o n ,  poss ib ly  due t o  tantalum contamination of t h e  
grounded ho t  j unc t ion .  However, t h e  c e n t e r  thermocouple, sheathed 
i n  w-26% R e ,  and t h e  coo le s t  i n n e r  r i n g  thermocouple performed per- 
f e c t l y  throughout as d id  t h e  N a K  thermocouples. 
0 
2 
0 0 
0 
P o s t - i r r a d i a t i o n  metallography (F igure  9 )  showed t h a t  one i n n e r  r i n g  
thermocouple w a s  s i t u a t e d  exac t ly  a t  t h e  ou te r  edge of t h e  columnar 
g r a i n s .  This proved t o  be t h e  only such thermocouple which d i d  not  
f a i l ,  and t h u s  a continuous measurement of t h e  temperature  increment 
AT ac ross  t h i s  reg ion  w a s  ob ta ined .  The change i n  ,:T can be pre- 
c i s e l y  c o r r e l a t e d  w i t h  change i n  thermal  conduct iv i ty  i f  t h e  measure- 
ments are normalized t o  t h e  AT e x i s t i n g  a t  t h e  onse t  of columnar 
g r a i n  growth. This has been done i n  Table A-2, i n  which t h e  i n i t i a l  
mean thermal  conduc t iv i ty  ac ross  t h e  columnar g r a i n  reg ion ,  A r ,  i s  - 
KO % (kw/ f t ) ,  A r  
( A T ) ,  
Ra t io ing  t h i s  wi th  mean conduct iv i ty  a t  a l a t e r  
( K W / f t  / AT )t 
= .I(W/ft0 t i m e ,  t ,  g ives  t h e  r e l a t i v e  change: Ft /Eo - 
as a func t ion  of t ime. 
a long wi th  maximum e r r o r  l i m i t s ,  and show t h a t  t h e  change i n  thermal  
conduc t iv i ty  due t o  columnar g r a i n  growth i s  only a (4 - + 2-1/2%) 
The d a t a  have been p l o t t e d  i n  F igure  14, 
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i nc rease .  This i s  very  small compared wi th  t h e  inc rease  pos tu l a t ed  
(10 ,  13) f o r  r a d i a n t  t ransmiss ion  through columnar grai .ns ,  and pro- 
bably r e f l e c t s  a combination of fuel  d e n s i f i c a t i o n  and t h e  p o s i t i v e  
temperature  c o e f f i c i e n t  f o r  UO conduct iv i ty  above approximately 
14OO0C. The r e s u l t s  of t h i s  t e s t  thus  show t h a t  columnar g r a i n  
growth has  e s s e n t i a l l y  no e f f e c t  on hea t  t r a n s f e r  i n  U02 f u e l s ,  
2 
This experiment has  a l s o  provided t h e  f i r s t  d i r e c t  measurements of 
t h e  temperature  th re sho ld  f o r  i n -p i l e  columnar g r a i n  formation.  
Nine d i f f e r e n t  r a d i a l  thermal  g rad ien t  measurements y i e l d e d  colum- 
na r  g r a i n  growth temperatures  between 1700 
of 1760'~. 
0 and 190OoC, wi th  a mean 
B. E f f e c t  of A r t i f i c i a l  Voids 
The e f f e c t s  of i r r a d i a t i o n  on vo id  s i ze  and d i s t r i b u t i o n  are i l l u s t -  
r a t e d  i n  F igure  5B f o r  Capsule I. Voids wi th in  t h e  columnar g r a i n  
reg ion  tepded t o  e longate  along t h e  f u e l  r ad ius .  Voids near  t h e  
coo le r  edge of t h e  r e c r y s t a l l i z e d  reg ion  migrated toward t h e  f u e l  
c e n t e r ,  while  t hose  i n i t i a l l y  near  t h e  cen te r  appear r e l a t i v e l y  
immobile. This  agrees  with a n a l y t i c a l  p r e d i c t i o n s  of void migra t ion  
rates, approaching zero  as t h e  thermal  g rad ien t  goes t o  zero.  
No e f f e c t  of vo id  s i z e  on migra t ion  r a t e  w a s  observed. Some of t h e  
a r t i f i c i a l  vo ids  i n  t h e  columnar g r a i n  reg ion  were p a r t i a l l y  i n t a c t  
even though they  were surrounded by w e l l  developed columnar g r a i n s .  
This  sugges ts  t h a t  mechanisms o t h e r  than  void migra t ion  are impor- 
t a n t  i n  forming columnar g r a i n s .  Voids o u t s i d e  t h e  columnar g r a i n  
r eg ion  were unchanged i n  s i z e  and p o s i t i o n ,  as expected. 
(13) 
The most s i g n i f i c a n t  f e a t u r e  i n  Figure 5B i s  t h e  degenerat ion of 
some of t h e  a r t i f i c i a l  vo ids  i n i t i a l l y  l o c a t e d  near  t h e  f u e l  c e n t e r  
i n t o  aggregates  of smaller, l e n t i c u l a r  vo ids .  These voids  subse- 
quent ly  migrated toward t h e  c e n t e r  ca r ry ing  f i s s i o n  fragments wi th  
them as evidenced by t h e  a c t i v i t y  dep le t ion  i n  t h e  f u e l  reg ions  
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through which t h e  voids  have passed (F igure  5 C ) .  
i s  important  because it e s t a b l i s h e s  t h e  f e a s i b i l i t y  of  spawning 
mobile vo ids  from r e l a t i v e l y  l a r g e  i n t e r n a l  c a v i t i e s .  Thermally- 
induced cracks  should make t h e  most important con t r ibu t ions  t o  t h i s  
mechanism; i n  f a c t ,  t h e  c i r cumfe ren t i a l  cracks f r equen t ly  observed 
i n  i r r a d i a t e d  UO f u e l  cores  may be t h e  p r i n c i p a l  source of migrat-  
i n g  voids .  This  premise would exp la in  why columnar g r a i n s  are 
o f t e n  wides t  a t  t h e i r  po in t  of o r i g i n  r a t h e r  t han  t a p e r e d  a t  both 
ends as they  should be i f  t h e i r  formation r equ i r ed  coalescence of 
f i n e  p o r o s i t y  i n t o  r e l a t i v e l y  l a r g e  l e n t i c u l a r  voids .  
i s m  a l s o  q u a l i f i e s  migra t ing  voids  as veh ic l e s  f o r  f i s s i o n  f rag-  
ment r e d i s t r i b u t i o n  s i n c e  each thermal  cyc le  of t h e  f u e l  c r e a t e s  
thermal  c racks  which can propagate  new genera t ions  of migra t ing  
voids  i n  f u e l  cores  having s i g n i f i c a n t  p r i o r  burnup. 
This observa t ion  
2 
This mechan- 
The autoradiograph of t h e  s p i r a l l y  d r i l l e d  p e l l e t ,  shown i n  F igure  5C, 
shows dep le t ion  of  f i s s i o n  fragments i n  t h e  r e c r y s t a l l i z e d  po r t ion  
of  t h e  f u e l .  This  reg ion  i s  bounded by a band of high a c t i v i t y  
approximately 0 . 1  cm. wide. The coo le r  f u e l  r eg ions  have an i n t e r -  
mediate ,  uniform a c t i v i t y .  
Figure 1 2  i l l u s t r a t e s  t h e  maximum f u e l  g r a i n  growth which occurred 
i n  Capsule I ,  The corresponding autoradiograph (F igu re  13) shows 
several c l e a r l y  def ined  radial v a r i a t i o n s  i n  f i s s i o n  fragment con- 
c e n t r a t i o n .  P a r t i c u l a r l y  i n t e r e s t i n g  i s  t h e  annular  a c t i v i t y -  
dep le t ed  reg ion  immediately ad jacen t  t o  t h e  f u e l  cen te r .  The 
occurrence of t h i s  reg ion  tends  t o  confirm t h e o r e t i c a l  p r e d i c t i o n s  
t h a t  void migra t ion  r a t e s  are a m a x i m u m  at some f i n i t e  r a d i u s  and 
not  a t  t h e  f u e l  c e n t e r  (13). 
should t h u s  conta in  r e l a t i v e l y  few of  t hose  f i s s i o n  fragments which 
a r e  c a r r i e d  along by t h e  moving voids .  The cen te r  of t h e  rod shows 
The reg ion  of m a x i m u m  void v e l o c i t y  
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an aggregat ion of l e n t i c u l a r  vo ids ,  which suppor ts  t h e  t h e o r e t i c a l  
p r e d i c t i o n s  t h a t  void migra t ion  v e l o c i t y  reaches zero at t h e  thermal  
c e n t e r .  The r o l e  of t h e s e  voids  i n  ca r ry ing  f i s s i o n  fragments i s  
borne out  by t h e  f a c t  t h a t  t hey  can be seen d i s t i n c t l y  i n  t h i s  auto- 
radiograph.  
C .  I n t e g r a t e d  Thermal Conductivity 
Figures  1 5  and 16 show IT" K2.005 dT f o r  Capsules I and 11, respec- 
t i v e l y .  
f o r  l o w  temperatures  (T < l l O O ° C ) .  
The out -of -p i l r6%ta  of Godfrey and McElroy (19) are used 
The va lues  of t h e  i n t e g r a l  as 
, 
a func t ion  of temperature  were computed from t h e  well-known 
s h i p  ( 2 2 ) .  
r e l a t i o n -  
where T = U02 temperature  a t  a r ad ius  r from t h e  c e n t e r ,  OC 
= UO su r face  temperature ,  O c  
r 
TS 2 
a = Fuel  r ad ius ,  cm 
K 
q = Linear  power r a t i n g ,  w/cm 
K = Inve r se  d i f f u s i o n  l eng th ,  cm 
Io ,  I1 = Modified Bessel  func t ions  (1st k ind )  of zero  and f i r s t  
= Thermal conduct iv i ty  of U02, w/cm O C  
-1 
orde r ,  r e s p e c t i v e l y  
Values of t h e  dimensionless q u a n t i t y  ( K a )  used f o r  Capsule I (0.64 
w/o U-235) and Capsule I1 (0.82 w/o U-235) were K a  = 1.90 and 2.05, 
r e spec t ive ly .  "Selni"  c ross -sec t ions  and t h e  Wigner " r a t i o n a l  
approximation" were used t o  de r ive  t h e  va lues  of K employed i n  t h e s e  
c a l c u l a t i o n s  (26 )  . 
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Power l e v e l s  were computed from Cs-137 burnup d a t a  and gamma hea t ing  
es t imated  from c r i t i c a l  experiments i n  t h e  Mockup Reactor (MUR) .  
Time-average peak power l e v e l s  were: 
Capsule I 
Capsule I1 
Capsule I11 
22.0 2 1.1 kw/ft  
23.6 - + 1 . 6  kw/ft  
25.1 - + 1.7 kw/ft 
Var i a t ion  of power as a func t ion  of t i m e  w a s  determined from t h e  
changes i n  coolan t  and NaK ca lo r ime te r  tempera tures ,  t h e  d i f f e r e n c e  
of which i s  p ropor t iona l  t o  power l e v e l ,  i e ,  qQ!AT,NaK-H20, Values 
F igu res  6 , 7 ,  8. 
a lower power r a t i n g ,  t h i s  i s  be l i eved  t o  be i n  e r r o r  because of 
c e n t e r  mel t ing" and subsequent axial  f i s s i o n  product  r e d i s t r i b u t i o n .  
Within t h e  l i m i t s  of ca lor imet ry  (~6%) t h e  power l e v e l  w a s  t h e  same 
i n  Capsules I1 and 111, and f o r  purposes of comparing t h e  two a 
common va lue  of 25.1 kw/ft  was assumed. 
of AT vs  t ime are shown i n  t h e  t ime-temperature p l o t s  , 
Although t h e  Cs-137 a n a l y s i s  i n  Capsule I1 showed 
Tables of IkdT va lues  f o r  a l l  t h r e e  capsules  are included i n  t h e  app- 
endix for temperatures  measured at t h e  seven thermocouple p o s i t i o n s  
w i t h i n  t h e  f u e l .  Var i a t ions  wi th in  each of t h e  c l u s t e r s  of t h r e e  
thermocouples a t  t h e  ha l f - rad ius  and edge of t h e  f u e l ,  r e s p e c t i v e l y ,  
are due t o  co r rec t ions  f o r  a s l i g h t  f l u x  assymmetry, as revea led  by 
p o s t - i r r a d i a t i o n  metallography (F igures  9 ,  10,  11). 
The e r r o r  band  Cor Capsule I (F igu re  15)  jnc ludes  t h e  maximum e r r o r  
due t o  t h e  fol lowing f a c t o r s :  
1) Uncertainty i n  r a d i a l  thermocouple l o c a t i o n s .  S ince  t h e  the r -  
mocouples had grounded hot  j unc t ions ,  t h i s  e r r o r  i s  assumed t o  
be equal  i n  magnitude t o  t h e  e n t i r e  width of t h e  thermocouple 
we l l s ,  0.068 i n .  
"Discussed i n  Sec t ion  D - l .  
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2 )  
3 )  S t r i p  c h a r t  d a t a  unce r t a in ty :  - + 0.05 mv 
Uncertainty i n  thermocouple c a l i b r a t i o n ,  2 1% 
Because of t h e  l a r g e  e r r o r  i nhe ren t  i n  abso lu t e  measurement of 
JKdT ( G ' 5 % ) ,  no at tempt  w a s  made t o  de r ive  a thermal  conduct iv i ty  
curve,  K ( T )  v s  T ,  from Figures  14 or 15.  
Capsules I1 and I11 do not  inc lude  unce r t a in ty  i n  power l e v e l ,  
which i s  assumed t o  be t h e  same f o r  both capsules .  
The e r r o r  bands f o r  
Figure 16 g ives  JK1.94dT vs T f o r  Capsule 111. The curve w a s  de- 
r i v e d  by c a l c u l a t i n g  f u e l  su r f ace  temperatures  us ing  gap conduct- 
ances deduced from t h e  Capsule I1 da ta .  Since t h e  diameter of 
p e l l e t  a t  t h e  thermocouple hot  j unc t ions  shrank t o  the u01.941 
1.2477 i n .  during t h e  reduct ion  anneal ing p rocess ,  s u r f a c e  temp- 
e r a t u r e s  were over 100°C higher  at f u l l  power than  i n  Capsule 11. 
D. E f f e c t s  of Stoichiometry on Fuel  Performance 
1. Morphological E f f e c t s  
The e x t e n t  of g r a i n  growth i n  Capsules I1 and I11 is  essent -  
i a l l y  t h e  same (Figures  10 and 11). One d i f f e r e n c e  i n  g r a i n  
morphology was observed i n  comparing t h e  UO 
f u e l .  Columnar g r a i n s  i n  t h e  U02 - a r e  r e l a t i v e l y  very 
narrow, much l i k e  those  observed i n  high burnup f u e l s .  This 
may be associated,  with t h e  high concent ra t ion  of uranium metal 
p r e c i p i t a t e s  p re sen t  i n  t h e  UO i n  Capsule I11 and gene ra l ly  2-x 
found i n  h igh  burnup UO 
wi th  t h e  U02 - 2 
2. 
Examination of t h e  c ross -sec t ion  of Capsule I1 (F igure  1 0 )  
r e v e a l s  a second-phase reg ion  about t h e  c e n t e r  of t h e  p in .  
This  i s  probably due t o  impur i t i e s  which r e c r y s t a l l i z e d  from 
a low-temperature mel t ing  zone formed when t h e  inne r  f o u r  t h e r -  
mocouples r eac t ed  wi th  t h e  UO f u e l .  These thermocouples were 2 
completely d i s so lved ,  as no t r a c e  could be found of them i n  
-16- 
this metallographic specimen. 
influences compatibility with the refractory metal thermocouple 
components. This is substantiated by the observation of appar- 
ently satisfactory performance of tantalum sheathed thermo- 
couples at temperatures to 2100°C in U02 - x. These thermocouples 
invariably failed above 190OoC when used in contact with stoich- 
iometric U02.  
Apparently U02 stoichiometry 
2. Heat Transfer 
The increased thermal conductivity of U02 
temperatures in out-of-pile experiments (15, 16) is thought 
to reflect an electronic contribution to heat transfer. The 
theoretical expression for this component is: 
observed at high - 
20 u 2 K Ke = ;I(;) T[u + n p (Eg/2kT + 2 ) 2 ]  
u 
where: K = electronic thermal conductivity component e 
k = Boltzmann constant 
e = Charge on a charge carrier 
T = Temperature (OK) 
u = electrical conductivity due to holes 
u = electrical conductivity due to electrons 
0 = o + o t o t a l  e l e c t r i c a l  conductivity 
P 
n 
n P’ 
Eg = Activation energy for exciting an electron into 
the ccnd i i c t ion  band. 
The total thermal conductivity for U02 
is the above expression plus the conductivity due to phonon 
transfer, 
excluding radiant effects - 
i.e. K total = Kph + Ke. 
-17- 
Christensen (I2) has calculated the maximu electronic contribu- 
tion to thermal conductivity (assuming U = on), taking values 
of Eg/2 = 0.95 ev and electrical conductivity data from Wolfe 
The electronic component is not significant below Q14OO0C but 
might be very substantial- in highly rated fuel elements, It has 
been estimated (I8) that the heat rating necessary to cause cen- 
ter melting in a fuel core could be increased up to 50% if the 
maximum electronic contribution were realized. 
( 2 3 )  P . 
2 Conventional stoichiometric or slightly hyperstoichiometric UO 
fuels do not demonstrate this increased conductivity, however, 
despite evidence that uranium dioxide becomes substoichiometric 
in those regions exceeding %15OO0C during irradiation(24). One 
possible explanation for this is that oxygen evolved by thermal 
reduction in the hot, central regions of a fuel pin is gettered 
in the cooler surrounding regions (below 15OOOC). Thus a com- 
positional gradient would exist radially across the fuel, from 
U02-x near the center to U02+x at the edge. 
reduces thermal 
at high temperatures might be masked by less efficient heat 
transfer in the hyperstoichiometric region. It has been pnstu- 
lated (18) that this situation could be obviated by using suffi- 
ciently hypostoichiometric fuel to prevent the 0-U ratio from 
exceeding 2.00 in the low-temperature regions during irradiation. 
Since excess oxygen 
conductivity (17), the electronic contribution 
which by the 
1.941’ { q c )  
The fuel in Capsule I11 was chosen as UO 
should temperature-oxygen pressure-composition phase diagram \ C J j  
satisfy this condition. 
Comparison of the nominal lKdT curves in Figures 15 and 16 gives 
2250 2250 
dT = 41.4 w/cm and I K1.941 dT = 49.0 w/cm. 
600 K2.005 600 
-18- 
Thus, if one ratios the average thermal conductivities between 
630 and 225OoC, one obtains a nearly 20% higher thermal con- 
ductivity for the hypostoichiometric fuel, viz, K1,941/K2.005= 1.184. 
- - 
From calculations of the maximum electronic contribution to thermal 
% Comparison of the nominal conductivity (12) , 12250 dT - 7 w/cm' el 6ro 
curves in Figures 14 and 15 gives a difference in integrated con- 
ductivity of %7.6 w/cm at 225OOC. This is approximately the same 
as one calculates for the postulated high-temperature electronic 
contribution. Thus, the experimental results are consistent with 
the hypothesis that use of hypostoichiometric fuel enables a 
high-temperature enhancement of thermal conductivity to be exploited 
in-pile. 
-19- 
V .  SUMMARY OF RESULTS 
A. 
B. 
C.  
D. 
Columnar Grain E f f e c t s  
The e f f e c t  of i n - p i l e  columnar g r a i n  growth on UO thermalconduct iv-  2 
This i s  very  small when compared i t y  w a s  a ( 4  2 2 . 5 ) %  inc rease .  
t o  t h e  inc reases  from r a d i a n t  t ransmiss ion  through columnar g r a i n s  
pos tu l a t ed  by previous i n v e s t i g a t o r s .  The small i nc rease  observed 
can be explained by f u e l  d e n s i f i c a t i o n  and a p o s i t i v e  temperature  
c o e f f i c i e n t  f o r  UO thermal  conduct iv i ty  above 1 4 O O 0 C .  The r e s u l t s  
of t h i s  t e s t  show t h a t  columnar g r a i n  growth has e s s e n t i a l l y  no 
e f f e c t  on h e a t  t r a n s f e r  i n  U02 f u e l s .  
2 
Void Migrat ion E f f e c t s  
The e f f e c t  of i r r a d i a t i o n  upon voids  a r t i f i c i a l l y  d r i l l e d  i n t o  t h e  
f a c e  of a f u e l  p e l l e t  p r i o r  t o  i r r a d i a t i o n  w a s  s t u d i e d .  Voids 
l o c a t e d  ou t s ide  t h e  columnar g r a i n  reg ion  were unchanged i n  s i z e  
and p o s i t i o n  whereas voids  wi th in  t h e  columnar g r a i n s  tended t o  
migra te  toward t h e  c e n t e r  and change t h e i r  shape. 
i n d i c a t e  t h a t  a r t i f i c i a l  voids  near  t h e  c e n t e r  engendered small 
l e n t i c u l a r  pores  which c a r r i e d  away f i s s i o n  products ,  l eav ing  behind 
dep le t ed  r eg ions .  The p a t t e r n  of f i s s i o n  product  r e d i s t r i b u t i o n  by 
l e n t i c u l a r  pores  seems t o  confirm the  t h e o r e t i c a l  mechanism of UO 
vaporizat ion-condensat ion wi th in  t h e  pores .  
Autoradiographs 
2 
I n t e g r a t e d  Thermal Conduct ivi ty  
I n t e g r a t e d  conduct iv i ty  curves were drawn from temperature  and power 
measurements f o r  Capsules I and 11, conta in ing  UO 
low p r e c i s i o n  a s s o c i a t e d  with t h e s e  measurements, no at tempt  w a s  
made t o  ob ta in  a thermal  conduct iv i ty  curve by d i f f e r e n t i a t i o n .  
Because of 2.005' 
E f f e c t s  of  Stoichiometry 
The mean thermal  conduct iv i ty  of UO 
nea r ly  20% higher  than  i n  UO 
between 600 and 225OoC w a s  1 .941  
i r r a d i a t e d  under t h e  same power 2.005 
cond i t ions .  The r e s u l t s  a r e  c o n s i s t e n t  wi th  a t h e o r e t i c a l  ambipolar 
e l e c t r o n i c  con t r ibu t ion  t o  thermal  conduct iv i ty  a t  high temperatures .  
-20- 
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APPEND1 X 
Tabulated Data for Capsules I, 11, I11 
Nomenclature : 
IKdT = integrated thermal conductivity , w/cm 
9 
TC 
Ts 
Tr 
r i 
r 
r 
AT 
0 
1’ 
linear power rating, w/cm 
center temperature, Oc 
temperature drop across columnar grains 
fuel surface temp., O c  
temperature at a radius r within fuel 
inner ring thermocouple position within fuel 
outer ring thermocouple position within fuel 
r = specific thermocouples within inner or outer rings 
3 
Thus r2i refers to thermocouple #2 in the inner ring of thermocouples 
(see Figure 3). 
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Table A-1: CAPSULE DIMENSIONAL DATA 
P e l l e t  Fue 1 /Clad 
Capsule No. D i a .  Thick. Dim. Gap Fuel  Col. Length 
- . ~- 
I 1.250 0.460-0.510 0.0245 4.413 
I1 1.250 0.495-0.496 0.0245 4.459 
I11 1.245 - 1.250 0.483-0.495 0.0245-0.0297 4.4395 
Pre-Irrad.  Clad Pos t - I r rad .  Clad Pre- I r rad .  Can 
I . D .  O . D .  O.D. * I . D .  O . D .  
~ ~ - 
I 1.2745 1.3245 1.327-1.328 1.4459 1.544 
I1 1.2745 1.3244 1.326-1.329 1.4458 1.544 
I11 1.2745 1.3244 1.318-1.332 1.4458 1.544 
*Readings taken a t  Oo, goo, on f o u r  axial p o s i t i o n s ;  numbers given 
r e p r e s e n t  t h e  range of va lues  observed. 
-25- 
Table A-2 
RELATIVE CHANGE - OF MEAN THERMAL 
CONDUCTIVITY ACROSS COLUMNAR GRAINS (CAPSULE I) 
kw/ft  (kw/ft/AT)t Time 
kw/ft  AT AT ( kw/ f t /AT ). Elapsed (Hrs) * 
21.5 
21.1 
20.9 
20.9 
20.9 
20.9 
21.1 
21.2 
21.4 
21.5 
21.7 
21.8 
22.0 
22.1 
22.3 
22.4 
22.5 
22.7 
22.8 
23.0 
305 
294 
291 
29 0 
289 
2 89 
290 
292 
293 
29 5 
297 
299 
301 
30 3 
304 
306 
30 8 
310 
3 12 
314 
0.0705 
0.0714 
0.0719 
0.0721 
0.0724 
0.0724 
0.0726 
0.0726 
0.0728 
0.0729 
0.0731 
0.0731 
0.0730 
0.0729 
0.0734 
0.0731 
0.0730 
0.0732 
0.0731 
0.0733 
1.000 
1.013 
1.020 
1.022 
1.026 
1.026 
1.030 
1.030 
1.032 
1.034 
1.038 
1.038 
1.036 
1.034 
1 .042  
1.038 
1.036 
1.040 
1.038 
1.041 
0 
112 
1-112 
2-1/2 
3-112 
1 
2 
4-112 
5-112 
6-1/2 
7-112 
8-112 
9-112 
10-112 
11-1/2 
12-1 /2  
13-112 
14-112 
15-112 
16-112 
*The time i s  measured from t h e  s ta r t  of columnar g r a i n  formation. 
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Table A-3 
x r s  I r r a d i a t i o n  
f t e r  S t a r t u p  
6.5 
8.0 
9.5 
12.5 
16.5 
18.0 
20.5 
24.5 
532 
696 
683 
695 
n 3  
720 
73 3 
752 
Tc, 'C. 
1750 
2030 
2wo 
2070 
2089 
2095 
2131 
2113 
TABULATED DATA: C U S W  
44.60 
45.38 
46.56 
47.02 
47.86 
49.l.l 
39.82 
40.52 
41.57 
41.98 
42.73 
43.84 
30.38 
39.74 
39.00 
39.68 
40.71 
41.l.l 
41.85 
42.94 
18.57 
24.29 
25 13 
25.58 
26.24 
21-79 
22.74 
23.38 
15.32 
20.04 
19.67 
20.01 
20 * 53 
20.74 
21.11 
-27 - 
- ---- -- .- .. . .  _____ ._~  . .  . .. --  - 7 .- -._ ___ . . ... ..__. ., . _. 
~~ 
3, OC. 
'11 r21 r31 10 20 r30 
1793 
1810 
1818 
1; KdT 
I 
r 1 r2 ' r3 
m 2  
230 
I240 
1248 
1262 
=n 
1287 
1302 
I202 
1220 
1233 
1232 
I240 
1242 
1078 
109 
1100 
1103 
1106 
Ll10 
I 
16.29 I 17.51 - 
- 
14.53 
19.01 
18.65 
18.98 
19.65 
19.47 
20.01 
20.53 
Tc 
:xdT i, 
I 
rlo r20 
16.17 
21.16 
20.76 
21.12 
21.68 
21.89 
22.28 
22.87 
17.- 
23 -25 
22.81 
23.21 
23.82 
24 .OS 
24.48 
25.12 
i 
I 
_i 
'30 1 
- 
19.kT 1 I 
2 5 . k 1  ' 
2 k .  93 
25.37 
26.03 
25.28 
27.45 
, 
26.75 
Table A-1 
TABULATED DATA: CAI 
I 
, -  
I 
I 
1.5 
2.5 
3.3 
5 .O 
€.O 
7.0 
8.5 
9.5 
10.5 
11.5 
13.5 
15.5 
19.5 
23- 5 
27.5 
29.5 
545 
622 
630 
71 5 
720 
775 
778 
7a7 
795 
910 
327 
344 
352 
- 
15- 
.0634 9 
4.50 
17.12 
27:n 
34.55 
39.43 
39.94 
45.33 
45-65 
49.14 
49.33 
49.90 
50.40 
51-35 
52.43 
53 * 51 
54.02 
j % T  Ts 
31 
,0548 .0564 q 
4.00 
15 23 
24:P 
30.74 
35.08 
35.53 
40.33 
40.61 
- 
- 
- 
- 
- 
- 
- 
- 
3.89 
14.80 
24100 
29.87 
34.09 
34.52 
39.18 
39.46 
- 
- 
- 
- 
- 
- 
- 
- 
r 
10 
,0344 9 
2.44 
9-29 
15 -07 
18.75 
21.40 
u.67 
24.60 
24.n 
26.66 
26.76 
27.07 
27.35 
27.86 
28.45 
29-03 
29-31 
r 
20 
,0335 4 
2.38 
9-05 
14.67 
18.26 
20.84 
21.ll 
23.95 
24.12 
25-96 
26.06 
26.36 
26.63 
27.14 
27.70 
28.27 
28.54 
2.31 
8-78 
14.24 
17.n 
20.22 
20.48 
23.24 
23.40 
25.19 
25-29 
25-58 
25.84 
26.33 
26.88 
27.43 
27 * 69 
-28 - 
10 
786 
1024 
1093 
112 3 
ll82 
1191 
1271 
KfB 
u 59 
13 82 
13 90 
1410 
1460 
1490 
1505 
1519 
1.58 
6.02 
9.76 
20 
600 
841 
986 
1087 
1164 
1180 
1260 
1265 
1322 
1338 
13 50 
1360 
13 90 
1410 
1430 
1440 
2.06 
7.83 
12.70 
I 
r 1  ' =2 
1.62 , 1.62 
6.15 6.18 
10.03 
12.48 
14.24 
14.42 
16.38 
16.49 
- 
- 
- 
- 
- 
- 
- 
- 
r3 10 
18.27 
20.73 
20.88 
22.u 
22.57 
22.83 
23 *05 
23.49 
23.96 
24.48 
24.n 
r20 i ' 3 0  
 
2.12 I 2.19 
8.07 1 8.34 
16.29 ' 16.84 
I 
13.10 13.53 
i 
18.59 
18.83 
21 .s 
21.53 
23.18 
23 -27 
23.54 
23-77 
24.21 
24.73 
25.24 
25.48 
19.21 
19.46 
22.09 
22.25 
23 95 
24.05 
24.32 
2k. 56 
25.02 
25.55 
26.08 
26.33 
Ts, OC 
- 
565 
526 
513 
513 I 
480 
480 
4-78 
480 
- 
- . .  . .  
! 
4.50 
17.12 
27-77 
34.55 
39.43 
39.94 
45.33 
k5.65 
49.14 
49.33 
49.90 
SD -40 
51.35 
52.43 
53 * 51 
54.02 
TABULATED DA: 
------..-..- 
4.06 
15.44 
25-05 
31.17 
35.57 
36.04 
40.9 
41.18 
44.33 
44.50 
45.02 
- - 
- 
- 
- 
:ours Mter  
i t a r t u p  
1.5 
2.5 
3.5 
5.0 
6.0 
7.0 
8.5 
9.5 
10.5 
11.5 
13-5 
15.5 
19.5 
23.5 
27.5 
29.5 
- 
q 
w/cm 
7 
71 
270 
438 
545 
622 
630 
n5 
720 
775 
778 
787 
797 
810 
827 
844 
852 
- 
Tc,'C 
894 
13 48 
1674 
1878 
2004 
2023 
2168 
2168 
2251 
- 
- 
- 
- 
- 
- 
=2i 
0564 9 - 
4.00 
15-23 
24.70 
30.74 
35.08 
35.53 
40.33 
43.71 
43.88 
44.39 
44.84 
45.68 
40.61 
- 
- 
- 
P K d T  
- 
IO 
,0344 q 
r 
- 
2.44 
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FIGURE I IRRADIATION POSITION 
OF TEST CAPSULES. 
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FIGURE 2 
IN- PILE T H E R M A L  C O N D  U C T l V l T Y  A P P A R A T U S .  
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FIGURE 5A ARTlFlCAL VOIDS ULTRASONICALLY DRILLED IN UO2 
PELLET BEFORE IRRADIATION. (PELLET DIAMETER = 1.25"). 
. 
FIGURE 58 ARTIFICIAL VOIDS AFTER IRRADIATION. 
. 
F I GURE 5C AUTORADIOGRAPH OF PELLET CONTAl N I NG 
ART1 F lCAL VOIDS. 
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FIGURE 9 CAPSULE I FUEL SECTION AT THERMOCOUPLE HOT JUNCTION. 
FUEL DIAMETER = 3.18cm. 
FIGURE IO CAPSULE It CROSS SECTION AT THERMOCOUPLE 
HOT JUNCTIONS. 
FIGURE I I  CAPSULE TJI CROSS SECTION AT THERMOCOUPLE 
H O T  JUNCTIONS. 
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FIGURE 12 FUEL SECTION WITH MAXIMUM GRAIN GROWTH. 
FIGURE 13 AUTORADIOGRAPH OF FUEL SECTION WITH 
MAX I MUM GRAl N GROWTH. 
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